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Abstract.
We
report
on
the structural
characterization
of
epitaxial
Insb films
grown on
InP substrates
by
atomic
layer
molecular
beam epitaxy
at
relatively low
temperatures
(330
°C
<
T
<
400
°C).
Moreover,
we
study the
effect of
the
introduction of
an
interme-
diate
Insb/InP
buffer layer
grown
by
molecular
beam
epitaxy.
The
studies
were
carried
out
by
TEM
and HRTEM,
to investigate
the
densities
and
nature
of the
defects
and the accommoda-
tion
mechanism
between
the
two types
of layers which have
a
large lattice
mismatch
(10.4%).
Results show
a
high
defect density
at
the interface
vicinity
whatever
the
growth
method
em-
ployed, with
or
without
buffer
layers,
but better
quality
layers
are
obtained
as
growth proceeds.
The prevailing
type
of
defects
are
threading dislocations
and
stacking
faults
for
both
types
of
samples,
but the introduction of
the intermediate layers
leads
to
the formation of
two
types
of
complex
three-dimensional defects,
consisting
m
crystal
misorientations, that
induce
an anoma-
lous growth of
the
Insb
layer leading
to
different growth
rates
and the formation of pyramidal
or
truncated
pyramidal
hillocks
on
the
surface.
In this
case
scanning
electron
microscopy
and
Raman
analysis
were
also performed
to
study
the influence of the
defects
on
surface morphology
and confirm their
structure.
Moreover,
anisotropy
of the
stacking
fault distribution
is
noticed
in this sample:
the
density for
[l10]-(ill)A
slip
planes
is
higher
than for the
[l10)-(ill)B
slip planes.
Strain
due
to
large
lattice mismatch
is
relieved
m
both
types
of samples by the
generation
of
a
pure
edge-type misfit dislocation
array.
Introduction
Epitaxially
grown
Insb
layers
have
been
of
interest
in
recent
years
due
to
their potential appli-
cations
to
the fabrication of low-dimensional
structures.
The
interest
of
the
Insb
comes
from
(*)
Author
for
correspondence
(e-mail
cornettlirisl.fae.ub
es)
@
Les
iditions
de Physique
1997
2318
JOURNAL DE PHYSIQUE
III
N°12
Table I.
Growth
parameters
and
defect
densities of
analyzed samples.
Growth Buffer Threading
Stacking Complex
layers
(~m)
dislocation
fault
twins
l~c)
pSF
~~)
ACT
(CIII~~)
Al
350 3
00
1
4
x
<
A2
365 1.30
4.6
x
10~
<
10~
A3
400
1.35 4.0
x
10~
2 5
x
10~
B
330
(upper,
365
1.50 6.8
x
10~ 10~
[l10]
5
0x10~
(1-type)
InP
(lower,
420
°C)
10~
[l10]
x10~
its
low
band-gap
energy
that allows
it
to
be
used
as
material
for infrared
sources
and detectors.
However, the
conduction
of
Insb
substrates
is
too
high
even
when
they
are
cooled
to
77
K
or
4
K
to
make them of
use
for homoepitaxial growth.
Thus
the investigation
of heteroepitaxial
growth
on
mismatched
substrates
is
necessary.
Several
reports
have been published
recently
dealing with
the structural
characterization, electrical and optical
properties,
and epitaxial
deposition
techniques of
Insb
on
highly mismatched substrates
like
GaAs
or
InP
grown
by
molecular beam
epitaxy
(MBE)
[1-4j.
In this
paper we
report
on
the
morphology of Insb
layers
grown
by
atomic
layer molecular beam
epitaxy
(ALMBE)
and
the
role played by
a
AIBE
Insb/InP
bu~er
layer. We
show
that
the
strain
relaxation
by
a
misfit dislocation
array
and the
accumulation
of defects
m
the
region
near
the
interface make the deposition
of Insb
on
InP
substrates
an
excellent
way
to
grow
high quality
material
although
a
high lattice mismatch of
10.4ii
is
present.
Experimental
Samples
were grown
by
atomic
layer
molecular
beam epitaxy
(ALMBE)
in
a
conventional
solid-source MBE
[6, 7j
system
on
semi-isolating
(001)
InP substrates. Typical beam equiva-
lent
pressure
(BEP)
was
1.5
to
3
x10~~
torr,
with
BEP(Sb4)/BEP(In)
rJ
1.6. For
the
ALMBE
growth
we
found
better growth
conditions for relatively
long
Sb
opening
intervals.
The
sto-
ichiometric
composition
of the layers
was
controlled
by
means
of reflectance
difference
(RD)
measurements
of the surface In-dimers
fraction
at
a
wavelength of
I
pm.
Growth velocities
were
calibrated by
reflection high
energy
electron
diffraction
(RHEED)
oscillations.
After oxide
desorption
at
490
°C
the
Insb
layers
were grown
at temperatures
Tg
between 300
and
400
°
C
up
to
a
total thickness of
3
pm
After
approximately
1.5
ML's
of Insb growth
we
observed the
transition
from twc-dimensional
(2D)
to
the three-dimensional
(3Di)
island growth, indicated
by
a
spotty
RHEED
pattern.
After further
40
ML's
a
plain growth front could
be recovered.
Growth
temperatures
and layer
structures
are
presented
in
Table
I.
Three samples
(called
Al-A3)
without
buffer
layer,
grown
by
ALMBE
at
different
temperatures
and
thicknesses and
another
one
(called
B)
with
an
Insb/InP
MBE buffer layer
were
grown
in order
to
study
the
role of
these
technological
parameters.
The studies
of morphology and
defect
structure
were
carried
out
by transmission
electron
microscopy
(TEM)
and
high resolution
transmission
electron
microscopy
(HRTEM)
with
a
Philips CM 30
operated
at
300
kV. The densities of the
different defect
types
were
measured
and used
to
asses
the mechanism of strain relaxation.
Samples
were
prepared by conventional
mechanical polishing
procedures, and
final Ar
ion
milling
with
N2
cooling, until perforation
for both
plan
view
and
cross
section
configurations Scanning
electron
microscopy
(SEM)
in
a
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Fig
I
TEM
plan
view
(a)
and
cross
section
(b)
of A2
sample.
Stacking faults and threading
dislocations
are
the
main
type
of defects.
JEOL
JSM
840
measurements
were
performed
in
order
to
study the
effect
of
three-dimensional
defects
on
surface
morphology. Raman
spectroscopy
measurements
were
performed
using
a
T64000 Jovin-Yvon
triple
spectrometer,
with
a
~
=
541
nm
laser in
backscattering configura-
tion.
Results
Several
types
of defects
have
been
found
m
the Insb
layers. The
type
of
defects prevailing in
all
A
specimens
are
threading
dislocations and
stacking
faults
as can
be
seen
in
Figure
la.
The
density of threading
dislocations is
higher than
the
density of stacking
faults
(see
Tab.
I).
The
stacking faults
are
usually
found
in
groups
developing squared shapes.
Calculations based
on
the
size
of these
groups
show
that the stacking faults have
a
common
origin
at
the interface.
No anisotropy
in
defect distribution
is
found
in this series.
According
to
previous
reports
on
MBE growth of
Insb
on
GaAs
ill
the defect densities
are
higher
in
a
region
near
the interface than in the
bulk. In
our case
it
is
observed
that
they
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Fig. 2
TEM
plan
view
of
B
sample. Besides the
threading dislocations
and stacking
faults,
a new
type
of defects with squared shapes
appears.
Fig.
3
SEM
image
of sample
B.
Pyramidal
(I-type
defect)
and truncated
pyramidal hillocks
(II-type
defect)
appear on
the
surface.
are
mainly
concentrated
in
a
zone
of
about
25
nm,
where
a
significant
amount
of dislocation
half-loops
are
found
(Fig.
lb),
and that the defect densities
at
the surface
are
lower
for the
thicker sample
(Al)
compared
to
the
rest
of
the
series.
The sample
B, with
MBE buffer layers,
presents
some
differences
when
it
is
observed with
TEM
as
can
be
seen
in
plan view
configuration
(Fig.
2).
Whereas
the threading
dislocation
density
is
lower than
in
the preceding
cases
with similar
thickness, the stacking
fault
density
is
higher and anisotropic
i.e.
higher
fault
density in the
[lT0j-
ill
I)A
slip planes than
in
the
[110j-(111)B
ones.
Besides the quantitative
differences
in
defect
densities, the growth
of
the
buffer layers
intro-
duces
two
new
types
of defects, that
appear as
squared
structures
in
plan
view
TEM
images
(Fig.
2).
Such defects
modify the
morphology of the
sample
surface,
introducing
pyramidal
hillocks
(I-type
defect)
or
truncated
pyramidal hillocks
(II-type
defect)
as can
be
seen
m
SEM
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Fig
4.
Cross
sectional
TEM
image
of
a
pyramidal hillock Notice
that it
originates
at
the
InP
/Insb
MBE interface.
Diffraction
patterns
have been taken
at
A, B, C
and D
regions,
showing
the typical
twin-type
diffraction (A
and
B)
at
the
structure
boundaries,
a
(l14)
zone
axis
diffraction (C)
corre-
spondmg
to
a
section
of
a
90°
rotated twined crystal,
and
a
diffraction of
the substrate and the Insb
layer
showing
spot
splitting because of
the relaxed
state
of
the
layer,
i.e. presence
of
two
different
lattice
parameters
but
same
lattice
structure
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Fig
5.
Raman
spectra
of B sample
at
a
region
free of
three-dimensional
defects
(a),
at
the
centre
of
a
truncated
pyramid
(b),
and
at
a
whole
pyramid (c)
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Fig 6.
Ideal
structure
projection
of
a
pyramidal
hillock, showing three
of the
four
twinned crystals
Regions A, B and
C
are
the
equivalents
to
Figure
4
Fig. 7.
High
resolution
image
of
the
InP/Insb
interface
showing the
90°
dislocation
array
The
mean
distance
between
dislocations
is
that which
relaxes
completely the
system
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images
(Fig.
3). The
internal
structure
of both
types
of
defects
may
be assessed from
the
cross-section
TEM
images
and selected
area
diffraction
patterns
(SADP)
of Figure
4,
and the
Raman
spectra
(Fig.
5).
It
can
be
seen
in Figure 4
that pyramidal hillocks have
their origin
at
a
point
placed
at
the
InP/Insb
MBE interface
where
E3
boundaries
contained
in
(111)
planes
are
generated.
Two
SADP'S
were
taken
in
the
regions
overlapping
these
boundaries showing
the typical
twin
diffraction
pattern.
Between the
two
twinned
crystals
there
is another region with
a
diffraction
pattern
corresponding
to
a
(l14)
zone
axis,
which
is just
the
direction
obtained if
one
of
the
flanking crystals
is
rotated 90° around the
[001j
direction Thus, the pyramidal hillocks
are
composed by
four
twinned
crystals,
with
a common
origin, each
one
corresponding
to
a
pyramid
face, which
are
induced by the
different growth
rates
associated with
the
new
orientations.
The
other
set
of three-dimensional defects, truncated pyramids, have
the
same
origin
at
the
InP/Insb
MBE interface. multiple
twinning
that results in the
four lateral sides
as
in
the
previous
case.
However when Insb growth
is
changed
from
MBE
to
ALMBE, the
original
crystal
orientation is
recovered between the
four
crystal
misorientations, growing
at
normal
rate
and giving
the
top
plane side of this
structure.
These
interpretations
agree
well
with
the Raman
spectra
presented
in
Figure
5
~vhich
were
taken
at
different
points
of
B sample-
(a)
spectrum
was
measured
in
a
region
free of three-dimensional
defects,
while
(b)
and
(c)
spectra
were
taken
at
the
centre
of
a
truncated
pyramid
and
at
the
centre
of
a
whole pyramid
respectively.
While
(a) and
(b)
spectra
are
qualitatively
the
same,
which
agree
well with the
idea
that
the
crystalline
orientations
inside the truncated pyramid and
in
the
rest
of the
layer
are
the
same,
(c)
spectrum
has
the
TO mode activated
due
to
a
change in
crystal
orientation.
In order
to
aid
to
understand
the
internal
structure
of these defects,
an
ideal
structure
of
pyramidal defects
as
derived
from
the
TEM
images
and
diffraction
patterns
is
presented
in
Figure
6.
It is well known
that intermediate buffer
layers
improve
the crystalline quality of the
upper
grown
layers.
Nevertheless, in
our case,
the intermediate
buffer
has been
grown
by
the
conven-
tional
MBE technique.
Our results
corroborate that the
ALMBE
technique favours the surface
atomic migration
leading
to
better
Insb/InP
interface [8,9j.
Finally, the HRTEM observations of the interface
region
show that
for all samples, there
is
a
regularly distributed
array
of
90°
dislocations with both dislocation
line and Burgers'
vector
(a/2)
(110)
remaining in
the interface
(see
Fig.
7).
The
mean
separation
between
contiguous
dislocations
is
approximately 4.5
nm
which
is
close
to
the distance that relaxes
completely the
system.
This
is
confirmed
by the high
spot
splitting of the diffraction
patterns,
as
it
is shown
in
Figure 4D
taken from
InP
substrate and Insb
layer
simultaneously. It is
usual
to
find
these
edge-type dislocation networks
in
highly mismatched
systems
such
as
Insb
on
GaAs
[2j
or
InAs
on
GaP
[10j
since it is
known that
they
relieve
the strain
more
efficiently
than
60°
dislocation
arrays.
The
nucleation
mechanism for the
pure-edge
type
depends
on
the growth
mode
and the
critical thickness for
coherent growth,
as
it is
explained
m
the
work
of Kiely
et
al.
[2j.
In this
paper
they
suggest
the possibility
that
the dislocations
could
be generated
at
the borders
of
Insb islands nucleated
at
the
earliest
growth
stages
because the low
critical thickness of these
highly mismatched
systems.
Other
mechanisms
have been
suggested
to
explain
the
generation
of such
dislocations
in
three dimensional islands, which
is,
m
fact, the
first growth mode of
our
layers
as
explained
in
the
experimental details.
Recently,
Chen
et
al.
ill]
have proposed
one
to account
for the formation
of 90°
type
misfit dislocation
based
upon
the
nucleation of
a
FIank
partial
dislocation
at
the
edges
of the dot followed by
a
stacking
fault extended
during
the
growth
of the island
up
to
the
nucleation of
the
Shockley partial
whose
interaction
with
the FIank
one
would annihilate the
staking
fault
and
give
rise
to
the Lomer
dislocation
at
the
interface.
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Conclusions
In
summary,
we
have
analyzed the
crystalline morphology
of
Insb
layers
grown
by
ALMBE
on
(001)
InP
substrates. Good
crystallinity
quality
is
found for samples without
buffer
layers
grown
at
low
temperatures.
In
this
case,
threading dislocations
are
found
to
be concentrated in
a
region
near
the interface
in
the form of half
loops and low stacking
fault densities
are
found.
Moreover
it is
found that
strain is
efficiently
relieved by
a
regular edge-type misfit
dislocation
network. Whereas
the growth
of
an
intermediate
MBE buffer
layer
leads
to
an
anomalous
growth that introduces
complex
three-dimensional defects
consisting in the association
of four
twins
with E3
boundaries
contained
in
( ii1)
planes,
it
has
been demonstrated
that the
ALMBE
technique
leads
to
a
better
Insb/InP
interface. The original
orientation
may
be recovered inside
the
defects
leading
to
two
types
of
structures
that induce pyramidal
or
truncated
pyramidal
hillocks
on
the surface.
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